and circuitry reorganization have since been established in somatosensory (Fox, 1992) In this study, we first set out to determine the elemennot readily modifiable, a transient but not permanent tary relationship between the network's level of neural long-term reduction of network activity or Ca 2؉ influx activity and the plasticity of its individual synapses. To could increase their modifiability. This modulation of achieve this goal, we needed to be able to modify neural plasticity was mediated by Ca 2؉ flux through NMDA activity and then directly monitor the plasticity of large and voltage-gated calcium channels and was lost numbers of synapses. To accomplish this, we employed within 48 hr. A more permanent enhancement of syna reduced experimental preparation of hippocampal aptic plasticity was achieved by selectively reducing neurons in culture where we could, in a clear-cut fashion, the Ca 2؉ flux associated with uncorrelated activity via both control the activity and monitor the functional state adjustment of the voltage-dependent Mg 2؉ block of the and plasticity of large numbers of presynaptic terminals.
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8 APs) on synaptic and cellular plasticity remains presynaptic terminals in hippocampal cultures have a elusive (Abraham and Bear, 1996). low release probability. While these terminals were
In this study, we first set out to determine the elemennot readily modifiable, a transient but not permanent tary relationship between the network's level of neural long-term reduction of network activity or Ca 2؉ influx activity and the plasticity of its individual synapses. To could increase their modifiability. This modulation of achieve this goal, we needed to be able to modify neural plasticity was mediated by Ca 2؉ flux through NMDA activity and then directly monitor the plasticity of large and voltage-gated calcium channels and was lost numbers of synapses. To accomplish this, we employed within 48 hr. A more permanent enhancement of syna reduced experimental preparation of hippocampal aptic plasticity was achieved by selectively reducing neurons in culture where we could, in a clear-cut fashion, the Ca 2؉ flux associated with uncorrelated activity via both control the activity and monitor the functional state adjustment of the voltage-dependent Mg 2؉ block of the and plasticity of large numbers of presynaptic terminals.
NMDAR. Upregulation of NR2B-containing NMDARs
We have used this system to answer these initial quesinduced by this treatment is an important but not sole tions: Do neural activity and inhibition play a critical role contributor to the enhancement of plasticity. Thus, in the plasticity of hippocampal synapses as they do in quantity and quality of activity have differential effects early sensory cortices? If so, is the magnitude of plasticon the intrinsic plasticity of neurons.
ity tuned continuously and reversibly according to the level of activity? What is the intermediary signaling pathIntroduction way that relates the quantity/quality of activity to synaptic plasticity? For this last question, we wished to distinSynaptic plasticity is known to be essential for achieving guish between membrane depolarization and Ca 2ϩ flux the proper organization of neural circuits during early as potential secondary messengers of importance and development and for the storage of information in later determine whether it is the integral (quantity) or precise stages. However, the regulation of intrinsic plasticity spatiotemporal pattern (quality) of this intermediary that of synapses under physiological conditions is not fully is the critical regulator. Finally, we explored the synaptic understood. Prior work on the regulation of cortical map properties that might be essential for a synapse to be plasticity during development provides important clues. and remain plastic.
Pioneering studies by Hubel and Wiesel (Weisel and
We found that the neural circuit contained large numHubel, 1963) demonstrate that there exists a critical pebers of synaptic terminals with low probability of release, riod during which depriving an eye of visual input drathus constituting a large reserve pool of "quiet" connecmatically alters thalamo-cortical projections in favor of tions. The plasticity of these terminals was enhanced the other eye. Since then, many other experiments have following the reduction of neural activity. We identified been carried out to determine the mechanisms that enCa 2ϩ flux through NMDA and voltage-gated calcium gender this critical period during which reorganization channels (VGCCs) as the messenger that regulates the of cortical connections is possible (Stryker and Harris, plasticity of synapses and release of BDNF as a mediator 1986; Shatz and Stryker, 1988 ; reviewed in Katz and of presynaptic potentiation. However, we found that uni- Shatz, 1996) . We now know that, in the visual system, form reduction of Ca 2ϩ flux failed to induce long-lasting a developmental increase of neural input and activity enhancement of synaptic plasticity, suggesting a comleads to the eventual downregulation of the malleability plex role for Ca 2ϩ flux in the regulation of presynaptic of cortical representations. In contrast, reducing input plasticity. Interestingly, selective attenuation of NMDARactivity via dark rearing prolongs the critical period for mediated Ca 2ϩ flux during uncorrelated activity obtained ocular dominance plasticity (Timney et We determined that F Q is ‫04ف‬ in our imaging system To understand precisely the mechanisms regulating hip-(see Supplemental Figure S1 [http://www.neuron.org/ pocampal synaptic plasticity, the physiological propercgi/content/full/44/5/835/DC1/]). This F Q value was used ties of individual synapses had to be studied. First, we to convert the ⌬F histogram to a Pr distribution of indidetermined the distribution of release probability (Pr) of vidual synaptic terminals ( Figure 1C ). The Pr distribution single CNS synapses by counting the number of presynhas a skewed shape favoring low values (median ϭ aptic vesicles turned over by a fixed number of action 0.14). Application of 30 APs under such conditions potentials using activity-dependent FM dye uptake as would ensure the detection of functional terminals with a marker (Ryan et al., 1996; Murthy et al., 1997; Murthy Pr Ͼ 0.04. and Stevens, 1998). Action potentials triggered synaptic Since only those synaptic terminals with Pr Ͼ 0.04 vesicle exocytosis and endocytosis, which labeled exowere detected, we hypothesized that there must exist cytosed vesicles with FM1-43 (see Figure 1A for loading a population of terminals with lower Pr that were not protocol). Figure 1Ba shows an image containing several being detected by this procedure. To determine both FM dye puncta following FM1-43 loading for 30 APs.
the number and the proportion of very low Pr terminals The majority of FM dye spots were destained as a result to total functional synaptic terminals, we compared the of the second stimulation set (480 AP at 2 Hz, Figure colocalization of FM puncta obtained from the 30 AP 1Bb). We calculated the total amount of releasable fluoloading with puncta obtained using fluorescent antibodrescence at each bouton (⌬F) from the difference between initial (Figure 1Ba ) and final fluorescence (Figure ies against specific presynaptic proteins. VGLUT1 and GAD65 antibodies were used to mark glutamatergic and a relatively low Pr (median ϭ 0.14) and that roughly 50% GABAergic terminals, respectively. After FM images of all structural synapses had a Pr Ͻ 0.04. were obtained, the specimens were rapidly fixed and stained with antibodies (see Experimental Procedures).
Synapses with Low Probability of Release Are Not The two sets of images were aligned, allowing compariPotentiated by Theta Burst Stimulation sons of functional terminals with their structural equivaGiven the inverse relationship between the initial lents ( Figure 1E) . Surprisingly, no potentiation of Pr, indexed through spots ( Figure 1G) . Thus, the majority of FM dye uptake significant changes in FM dye loading, was observed occurred specifically within structurally complete synfollowing the theta burst induction protocol ( (Figures 2Ad-2Af) . Quantitatively, synaptic terminals without changing their electrical exthere were two distinct changes in FM1-43 staining citability (Li et al., 1998), we found that all structural properties after TBS-mediated induction: (1) an increase synaptic terminals became capable of taking up FM dye in the fluorescence intensity of puncta detected in the with the 30 AP protocol (see Figure 3B) .
In summary, our results show that most synapses had basal condition, indicating an increase in the average Figure 4D ), we conclude that the reduction in Ca 2ϩ flux was sufficient in itself to induce upregulation 4G). Despite the modest increase of Pr, these synapses had ample dynamic range to be potentiated. We can of synaptic plasticity.
Since we found that a transient reduction of neuronal infer that the lack of plasticity during long-term reduction of Ca 2ϩ flux is likely to be caused by other mechanisms. activity for 4-6 hr increases the plasticity of the network, ] o ( Figure 5D ). An increase in [Mg   2ϩ ] o receptors) was effective in long-term treatments (Figure from 0.8 to 1.2 mM led to an ‫%06ف‬ reduction of NMDA 4), we wished to examine whether selective reduction current when the membrane potential was below Ϫ50 of different aspects of the network's patterns of Ca 2ϩ flux mV, but had no effect at depolarized potentials. would be capable of generating long-term potentiability.
It is known that NMDA channels are highly Ca 2ϩ perIn functional neural networks, the synaptic inputs inmeable (P Ca /P Na ‫)01ف‬ ( ] o bealter the excitability of the membrane or the probability yond 1.2 mM had significantly less effect on current.
To quantify this effect, we converted our measured of transmitter release. ] o , and the recording configuration was changed to current-clamp a 3.9-fold increase in total presynaptic strength after induction (n ϭ 2234, N ϭ 3, p Ͻ 0.001; Figure 6D) S 1 is 1.1 Ϯ 0.2, n ϭ 2739, N ϭ 3 Figure 7E shows that, indeed, the ifenprodil no significant change of synaptic strength was found in control cultures (1.0 Ϯ 0.1, N ϭ 4 Physiologically, the inverse relationship between neural activity and the plasticity of synapses may be impor-( Figure 7D ). Given the 2-fold change in EPSC NMDA decay, this increase is likely to be entirely due to the prolongatant in the following way: In early phases of the formation of neural circuitry, immature but plastic synapses make tion of NMDA currents.
Previous studies have indicated that NMDA current weak synaptic connections. Functional strengthening of connections through Hebb-type coincidence detection duration is largely controlled by the subunit composition of NMDARs: receptors containing a larger proportion of mechanisms then helps establish computationally meaningful neural connections, leading to elevated overall NR2B subunits exhibit longer currents than those with a larger proportion of NR2A subunits (Flint et al., 1997; levels of neural activity within networks. This increase in neural activity may in turn trigger, through the above Vicini et al., 1998; Tovar et al., 2000) . The prolonged 
